The chiral phase transition in charge ordered iT-TiSe2 
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It was recently discovered that the low temperature, charge ordered phase of iT-TiSe2 has a chiral character. 
This unexpected chirality in a system described by only a scalar order parameter could be explained in a model 
where the inversion symmetry of the lattice is broken by the emergence of relative phase shifts between three 
charge density wave components. Here, we present experimental verification of the phase transition predicted 
by that theory, between non-chiral and chiral charge order. Employing both X-ray diffraction and electrical 
transport measurements, we find that the novel chiral phase transition in iT-TiSe2 occurs ~ 7 K below its 
main charge ordering transition. We thus observe a hierarchy of charge ordered phases, leading from the high 
temperature normal state into the low temperature chiral state. 
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Introduction. — The modulation of electronic density, which 
emerges in charge ordered materials, may reduce the symme- 
try of the underlying lattice in various ways. Apart from the 
broken translational symmetry associated with the periodicity 
of the charge modulations, additional symmetries may be bro- 
ken by the combination of the modified electron distribution 
and the atomic displacements resulting from electron-phonon 
coupling. These additional broken symmetries are key in un- 
derstanding the material properties of many charge ordered 
systems. The breakdown of rotational symmetry in 2//-TaSe2, 
for example, is responsible for the presence of a reentrant 
phase transition under pressure [1]. Likewise, the broken in- 
version symmetry in the charge ordered phases of, for exam- 
ple, the rare-earth nickelates RNiOj, renders those materials 
multiferroic J2| • 

Recently, it was discovered that the breakdown of inver- 
sion symmetry in the charge ordered phase of 7!T-TiSe2 leads 
to the presence of a chiral structure at low temperatures 0]- 
6|. In this phase, one charge density wave component out 
of the three that contribute to the charge order dominates in 
each atomic layer, and the rotation of the dominant direction 
of charge modulations as one progresses through consecutive 
atomic layers gives rise to a helical charge density distribu- 
tion. While helical phases are common among spin-density 
wave systems, 7!T-TiSe2 is one of only very few materials so 
far in which a chiral charge ordered phase has been suggested 
to exist [7 , 8 1. This discrepancy may be attributed to the scalar 
nature of its order parameter, which, unlike the vectorial order 
parameter of a spin-density wave, cannot be straightforwardly 
arranged in a helical fashion. A resolution to this problem was 
recently proposed, in which the chiral phase of iT-TiSe2 is in- 
terpreted as a simultaneously charge and orbital ordered state 
0. 

The emergence of the chiral state in that model requires 
the presence of non-zero amplitudes for all three contribut- 
ing charge density wave components, and therefore necessar- 
ily predicts a hierarchy of charge ordered phases as a func- 
tion of temperature. Starting from the high-temperature uni- 
form state, one should first undergo a phase transition into a 



non-chiral state in which all components of the charge order 
acquire non-zero amplitudes, but their phases remain equal. 
Only at a lower temperature is the chiral phase transition 
encountered, at which the relative phase differences become 
non-zero. These correspond to different spatial shifts of each 
charge density wave component along a helical axis, as well 
as a preferred occupation of given orbital orientations in each 
atomic layer ||5] [9] . 

Here, we test the theoretical prediction that a hierarchy of 
phase transitions exists in 7T-TiSe2, using a combination of 
two complementary experimental probes. From the emer- 
gence of a novel peak in X-ray diffraction patterns and a 
concomitant anomaly in measurements of the electrical trans- 
port properties of the same sample, we conclude that the chi- 
ral charge order forms at ~ 186 K. The transition into the 
non-chiral charge density wave state is also clearly visible 
at ~ 193 K in both experiments. The analysis of these re- 
sults shows them to be in good agreement with the theoretical 
model. They therefore constitute a direct observation of the 
predicted novel phase transition into a chiral charge ordered 
state. 

Chiral Charge Order. — Titanium-diselenide is a quasi-two 
dimensional, layered material, in which hexagonal layers of Ti 
are sandwiched between similar layers of Se, and individual 
sandwiches are separated from each other by a large van der 
Waals gap. Its band structure has a small (positive or negative) 
indirect gap of the order of 150 meV or less iflOl [TP . The 
top of the predominantly Se-4p valence band is located at the 
center of the first Brillouin zone, while the bottom of the Ti- 
3d conduction band lies at the zone boundaries. Although 
the nesting between these two bands is poor at best lfl2ll . IT- 
TiSe2 is observed to undergo a phase transition at ~ 200 K 
in which a commensurate, 2x2x2 charge density wave forms, 
accompanied by a periodic lattice distortion. 

The mechanism underlying the charge density wave transi- 
tion is still heavily debated lfT3lfl6l . Regardless of what drives 
the formation of this charge order, however, it is clear that the 
charge density modulation consists of three distinct compo- 
nents. The wave vector of each component is given by one 
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FIG. 1: (Color online) Schematic depiction of one of the charge 
density wave components in 7T-TiSe2. A single layer of Ti atoms 
(large and blue) is shown sandwiched between two layers of Se atoms 
(smaller, red and green). The atomic displacements of the Ti atoms 
are indicated by red arrows. These displacements result from the 
transfer of electronic weight between particular Ti-3rf and Se-4p or- 
bitals, which are shown explicitly for two of the Ti atoms and their 
Se neighbors. A non-zero, positive (or negative) phase shift in this 
charge density wave component corresponds to more charge being 
transferred along the bonds connecting Ti to the red upper Se layer 
than along the green lower bonds (or vice versa). 



of the three vectors connecting the top of the Se band in the 
first Brillouin zone to the bottoms of the Ti bands on its edges. 
Because these bands all have distinct orbital characters, each 
charge density wave component corresponds to a charge trans- 
fer process between one particular Ti-3<i orbital and two Se- 
4p> orbitals. The resulting periodic lattice displacements of 
one of the components, are schematically indicated in Fig. [T] 
Superposing three such components, aligned along the three 
lattice directions of the hexagonal Ti-plane, gives rise a 2x2x2 
lattice reconstruction. 

If the three components are superposed without any relative 
phase differences, the resulting superstructure reproduces the 
non-chiral charge density wave state originally proposed for 
7T-TiSe2 ifTTl . On the other hand, non-zero relative phase dif- 
ferences, corresponding to different spatial shifts of the charge 
density wave components along their propagation directions, 
result in a chiral lattice distortion [5|. Whether the chiral or 
the non-chiral state is energetically favorable, is determined 
by minimizing the Landau free energy. Writing the charge 
density wave order parameter as the sum of three complex pa- 
rameters, y/j = \y§e lq i' x+ yi ', with equal amplitudes i//b for all 
components, the free energy is given by 



F=Wo 
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Here ao and bo represent the combined effects of Coulomb 
interaction and the competition between charge density wave 



components, while the terms a\ and b\ are the leading order 
Umklapp terms which signify the coupling between the elec- 
tronic order parameter and the atomic lattice . 

Minimizing the free energy with respect to the phase vari- 
ables yields two possible solutions. Coming from the high 
temperature phase, the non-chiral state with <pi = <f>2 = <P3 is 
first realized at T = Tqdw, when the amplitude y/o becomes 
non-zero. At a lower temperature 7chi ra i < 7cdw> the differ- 
ences between the three phase variables (pj become non-zero, 
and the chiral charge order sets in at a second-order phase 
transition. In the absence of experimental estimates for the 
various Ginzburg-Landau parameters, it is impossible to make 
a quantitative prediction for Tchirai- From the expression of 
Eq. ([T} however, it can be seen that the difference between 
^Chiral an d ?cdw 1S proportional to a\/ao, and may thus be 
expected to be small 1 5 1 . 

X-ray diffraction. — To test the predicted existence of a 
phase transition between the non-chiral and chiral phases of 
7r-TiSe2, we performed X-ray diffraction experiments. Sin- 
gle crystal samples of 7!T-TiSe2 were prepared by the io- 
dine vapor transport method fl8l . The sample used for this 
study had dimensions of approximately 3x3x0.05 mm 3 . It 
was mounted on the cold finger of a closed cycle displex and 
aligned on a Huber six-circle diffractometer. X-ray measure- 
ments utilizing area detectors on the sector 6-ID-D high en- 
ergy station of the APS were performed in transmission ge- 
ometry, using an incident photon energy of 75 keV. Detailed 
order parameter measurements of the charge ordered phase 
emerging at 7cdw were made using the superlattice reflection 
[§,§,|]. The three-dimensional integrated intensity of these 
scans is presented in Fig. [2] 

To measure the onset of chiral order below 7cdw> we first 
used area detectors to map out large volumes of reciprocal 
space to search for evidence of the emerging chiral order. 
We discovered extra peaks in the low temperature maps at 
wave vectors of the form [H + ^,K,0], with intensities ~ 50 
times weaker than the primary Bragg reflections. We then 
did a detailed order parameter measurement of one of these 
peaks, located at the [§,1,0] superlattice reflection. The three- 
dimensional integrated intensity is presented in Fig. [2] 

Notice that the periodicity of the charge modulations does 
not change upon entering the chiral phase. Nevertheless, the 
appearance of new peaks in the diffraction data at the onset 
of chiral order, may be expected for several reasons. First of 
all, the lattice distortions in the chiral phase change the space 
group of the atomic lattice from P3cl into P2, which implies 
that several symmetry-forbidden peaks in the non-chiral phase 
are now allowed. The intensity for these previously forbidden 
reflections however, is expected to be very small, as they scale 
with the atomic displacements. Within the resolution of our 
experiment, we were indeed not able to identify any of these 
types of peaks. 

An alternative way in which new reflections may occur is 
because a peak position with very little weight in the non- 
chiral phase may acquire significant weight in the chiral state, 
due to the combined effect of small changes in lattice struc- 
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FIG. 2: (Color online) a) The integrated intensities of the superlat- 
tice reflections at [f , |,A] (upper, red curve) and [§,1,0] (lower, blue 
curve; amplified by a factor of 50). The former peak indicates a 
doubling of the unit cell in all crystallographic directions, and scales 
with the squared amplitude of the order parameter. The latter peak is 
present only in the chiral phase, and may be used as an order param- 
eter for chirality. b) The same data on a log-log scale, as a function 
of reduced temperature. Here we used Tq = 7cdw f° r the upper, red 
curve, and Tq = Tfchiral f°r the lower, blue curve. The curve for the 
chiral order parameter is well described by a power-law with expo- 
nent 2/3 = 1.0, while the fit for the red curve uses 2/3 = 0.68. In 
both panels, the open symbols form a fluctuation tail, which extends 
beyond Tq. 



ture and the onset of orbital order. The preferred occupation 
of a given set of orbitals on the different Ti and Se sites results 
in an anisotropic atomic structure factor, which can strongly 
affect the intensity of particular diffraction angles. The ob- 
served peaks at [H + ^,K,0] are of this kind. We compared 
the evolution of one of these peak under decreasing tempera- 
ture with that of one of the main charge density wave peaks. 

As shown in Fig. [2^, the intensity of the [5,5,5] charge 
density wave peak first becomes non-zero at 7cdw = 193 K. 
The small difference between this onset temperature and the 
accepted value of ~ 200 K for 7cdw> mav t> e attributed to a 
slight non-stoichiometric excess of Ti atoms, which is known 
to suppress the transition temperature in this compound ifTTl . 



The intensity of this peak is expected to be proportional to the 
squared amplitude of the charge density wave order parameter. 
The intensity of the reflection at [5, 1,0] on the other hand, 
remains zero below the onset temperature Tqdvj, an d begins 
to gain intensity only at the lower temperature 7chi ra i = 186 K, 
which we identify as the onset temperature of the chiral charge 
ordered phase. 

The evolution of the two peak intensities with decreas- 
ing temperature can be clearly seen in Fig. ^> to be signif- 
icantly different. The intensity of the main charge density 
wave peak close to 7cdw is best fitted by the power law 
I = 7 (1 - r/r CD w) 2/3 , with 2)3 ~ 0.68. The intensity of the 
peak related to the chiral order on the other hand, is well de- 
scribed by a power law with exponent 2/3 ~ 1.0. The differ- 
ence between these critical exponents directly signifies a dif- 
ferent origin for the types of order underlying the peak forma- 
tion, and precludes the possibility that both peaks correspond 
to the same transition. 

Electrical Transport. — Because the onset of the chiral 
charge density wave, and its corresponding orbital ordering, 
may be expected to affect the transport properties as well as 
the equilibrium lattice structure, we also performed detailed 
measurements of the principal components of the resistivity. 
In order to correctly determine both the resistivity along the 
c-axis, p c , and in the ab-plane, p a b, in a layered material like 
7r-TiSe2, traditional four- terminal methods |19| may be in- 
adequate and/or unreliable for single crystals, especially if the 
conductance anisotropy is large. This problem is easily over- 
come by a six-terminal method that uses a single crystal in a 
rectangular shape EDI . We employed four parallel Au stripes 
for electrical contacts, that were sputtered onto each c-axis- 
normal surface, perpendicular to the longest in-plane dimen- 
sion of the crystal. The current was injected through the out- 
ermost contacts of one surface and voltages were measured 
across the innermost contacts of each surface. The Laplace 
equation was solved and inverted to get p„/, and p c from the 
measured voltages l20l ETTl . This method also allows a test 
of sample homogeneity by permuting the electrodes used for 
current and voltage l22l . 

The principle components of the resistivity for the same 
7r-TiSe2 crystal used in the X-ray diffraction studies, are 
shown in Fig. [3^. The maximum variation upon permuting 
the electrodes is less than 5 %, implying a high degree of ho- 
mogeneity. The temperature profiles of p a t, and p c are also 
almost identical although their absolute values differ by an 
anisotropy factor of ~ 575. Each resistivity component ex- 
hibits a maximum close to 168 K. This maximum has been 
previously suggested to arise from an initial decrease in the 
density of available carriers, caused by the opening of a gap 
in the charge ordered phase, which is overtaken at lower tem- 
peratures by both the decrease of scattering channels due to 
the developing order, and an increase in density of states due 
to the downward shift of the conduction band minimum below 
7cdw [23 1 . The position of the maximum thus does not coin- 
cide with the charge ordering transition. Instead, Di Salvo et 
al. found that a discontinuity in dp jdT matches the onset of 
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FIG. 3: (Color online) a) The variation of the two principal com- 
ponents of resistivity with temperature. The curves are offset in the 
vertical direction to distinguish them from each other. Notice that the 
scales for the two curves differ by a factor of ~ 575. b) The deriva- 
tives of both curves, which display sharp minima at the temperature 
7cdw> where the amplitude of the (non-chiral) charge density wave 
first becomes non-zero. 

the charge ordered superlattice as determined by neutron scat- 
tering [17], and this finding is confirmed in our data. Pig. [3j? 
shows dp c /dT and dp a b/dT to be virtually coincident after 
scaling by the anisotropy, and the common discontinuity at 
191 K matches closely the onset of the x-ray diffraction peak 
associated with the main charge order (see Fig. [2^). 

The small variations in the resistivity anisotropy p c /Pab< 
are shown in Fig. [4] Interestingly, while p(T) in Fig. [3^ 
varies by more than a factor of three, the temperature vari- 
ation of anisotropy is significantly smaller at only ~ 1.5 %. 
This observation agrees with the suggestion that the overall 
temperature dependence of p(T) is determined primarily by 
the evolution of the carrier density [23], while the variations 
in anisotropy are determined by the temperature dependence 
of the scattering, which evidently plays a much smaller role. 
The anisotropy exhibits a sharp peak at 183 K and a relatively 
broad maximum centered at 161 K. The latter feature is a re- 
flection of the slight differences in position and height of the 
maxima in p c (T) and p a h{T), and does not signify a qual- 
itative change in physics. It can be modeled by fitting the 
two peaks of Fig. [3^ to simple parabolas, which results in the 
anisotropy indicated by the dotted curve in Fig. [4] The sharp 
feature at 183 K on the other hand, matches the transition tem- 
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FIG. 4: (Color online) The anisotropy in resistivity p c /p a b as a func- 
tion of temperature. Although the variation in anisotropy is only 
~ 1.5 %, and thus small compared to the variation in overall resistiv- 
ity, the sharp break at 183 K can be clearly identified. The change in 
anisotropy at this temperature indicates the onset of the chiral charge 
density wave. The associated orbital order is expected to affect the 
anisotropy of the scattering rates, and results in a sharp increase of 
the resistivity anisotropy. The broad feature centered at 161 K fol- 
lows from the presence of broad maxima in p c {T) and p a i,(T), and 
does not signify an additional transition. This effect is modeled by 
the dotted curve, which results from fitting the two peaks in Fig. [3^ 
to simple parabolic functions. 

perature for the chiral charge ordered state identified by the X- 
ray diffraction experiments (see Fig. [2^). Such a break in the 
temperature dependence of the anisotropy is most naturally 
attributed to a corresponding change in the anisotropy of scat- 
tering rates. Such an effect may be expected to occur at the 
onset of the chiral phase, due to the redistribution of electronic 
weight between the various involved orbital components. 

Conclusions. — We conclude that the chiral charge and or- 
bital ordered phase, which was recently discovered in 1T- 
TiSe2, arises from the non-chiral charge ordered state at 
^Chiral — 186 K. This observation of the transition tempera- 
ture close to the overall onset temperature 7cdw of charge 
order, agrees well with the theoretical prediction based on a 
Ginzburg -Landau treatment of the chiral order f5j. To iden- 
tify the chiral phase transition, we employ measurements of 
both X-ray diffraction and resistivity anisotropy on the same 
sample of 7!T-TiSe2. 

The onset of chiral charge density wave order, and its asso- 
ciated lattice distortions and orbital order, result in the emer- 
gence of a previously absent x-ray diffraction peak. The ex- 
ponent describing the power-law thermal evolution of this 
diffraction peak is significantly different from that associated 
with peaks already present in the non-chiral phase. At the 
chiral phase transition, we also find a distinct peak in the re- 
sistivity anisotropy, which is suggested to be related to the 
redistribution of orbital weight as the chiral phase sets in. 

The combination of both of these sets of observations es- 
tablishes the novel type of phase transition between non-chiral 
and chiral charge order in 7!T-TiSe2, in agreement with theo- 
retical predictions. 
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